Evidence from epidemiology suggests that Developmental Vitamin D (DVD) deficiency is associated with an increased risk of schizophrenia. DVD deficiency in rats is associated with altered brain morphology and enhanced hyperlocomotion in response to MK-801 and amphetamine. The aim of this study was to determine if similar phenotypes were associated with DVD deficiency in two strains of mice (C57BL/6J,129/X1SvJ). Neonatal (P0) and adult (P70) mice were imaged using MRI and the volumes of the cerebrum, hippocampus, striatum, septum, cortex and ventricles measured, as well as the widths of white matter tracts. Locomotor sensitivity to 5 mg/kg damphetamine, 0.5 mg/kg MK-801 or saline was examined in a separate group of mice in an open field. DVD deficiency altered brain morphology in C57BL6/J mice, such that C57BL/6J female DVD-deficient neonatal mice had a smaller hippocampus compared to female controls. In addition, adult C57BL/6J male DVD-deficient mice had smaller lateral ventricles compared to controls, which may have been compressed by the enlarged striatum seen in these DVD-deficient mice. However, in contrast to the behavioural phenotypes found in DVD-deficient rats, there was no significant effect of maternal diet on amphetamine or MK-801-induced locomotion in either strain.
Introduction
There is a growing body of epidemiological evidence suggesting that maternal vitamin D deficiency is a risk-modifying factor for schizophrenia [1, 2] . Based on a Danish case-control study, those with low levels of vitamin D at birth had a two-fold increase in the risk of developing schizophrenia in later life [3] .
Moreover, there is now a large body of experimental evidence based on a model in Sprague-Dawley rats that developmental vitamin D (DVD) deficiency is associated with a range of proteomic, neurochemical neuroanatomical, and behavioural phenotypes [4] , which lends weight to the biological plausibility of the epidemiological link between DVD deficiency and schizophrenia.
To date, most of the animal experimental work related to DVD-deficiency has been undertaken in rat models. More recently, two strains of mice (C57BL/6J and 129X1/SvJ) have been used to examine the effect of DVD deficiency on adult mouse behaviour and it was found that, in both strains, DVD deficiency promoted a hyper-explorative phenotype [5] . Furthermore, DVD deficiency was associated with enhanced spontaneous locomotion in 129X1/SvJ, but not C57BL/6J mice [5] . Such behavioural changes may hint at an alteration in signalling in neurochemical pathways implicated in schizophrenia, such as the dopamine and glutamate systems. Indeed it has been found in the rat model, that DVD-deficient males were hyper-responsive to MK-801 and DVDdeficient females to amphetamine, indicating alterations in the glutamate and dopamine systems in DVD-deficient rats [6] [7] [8] . However, previous research has uncovered several species differences regarding the impact of DVD deficiency on behaviour [5, [9] [10] [11] , and therefore, it is important to test the response to psychotomimetic agents in DVD-deficient mice as well.
Neuroanatomical changes have also been identified in DVD-deficient animals.
First, it was shown that on the day of birth (postnatal day 0, P0) DVD-deficient rats have larger lateral ventricles, reduced cortical width and longer cerebral hemispheres [12] . These changes were not seen in adulthood if the rats were returned to a vitamin D-containing diet at birth, but the enhanced ventricular volume was seen in DVD-deficient rats that remained on a vitamin D-deficient diet for the first 3 weeks of life [11] . These findings highlight the dynamic nature of the neuroanatomical changes induced by DVD deficiency and the importance of investigating at both developmental and adult ages. The neuroanatomical phenotype of DVD-deficient mice has been examined in a longitudinal study using in vivo MRI [10] . Using control and DVD-deficient (returned to the control diet at birth) C57BL/6J male mice, in vivo MRI was performed at the ages of 30 and 70 weeks (P210 and P490). DVD-deficient mice had smaller ventricles, when analysed both as a raw volume (in mm 3 ) and as a percentage of whole brain volume. This only reached significance at P210, not at P490. Whole brain volumes and hippocampal volumes were not affected by DVD deficiency [10] .
There are several unresolved questions concerning brain morphology in DVDdeficient mice. First, neuroanatomy was not investigated at birth when the mice still had low levels of vitamin D. Therefore, it is not known whether the ventricular compression had occurred prenatally and remained consistent through adulthood, or if it had only emerged after birth. Second, the finding of ventricular compression independent of a reduction in brain volume indicates that the volume of one or more regions in the brain might have increased to compress the ventricles. The only other region measured in the P210 and P490 DVD-deficient mice was the hippocampus, which was not affected by DVD deficiency at either age [10] . Therefore, a more thorough investigation of several other regions in both the developing and adult mouse brain may reveal the temporal nature of the changes and the nature of any possible compensatory alterations related to the changes in ventricular volume. Third, neuroanatomy was investigated only in male mice [10] . Although there are few sexual dimorphisms in schizophrenia-associated neuroanatomical changes [13] , sex differences have been identified in cortical and hippocampal regions in C57BL/6J mice by MRI [14] and have previously been reported in the rat model of DVD deficiency [7] . Thus it would be informative to study the neuroanatomical phenotype of both male and female DVDdeficient mice. Finally, the effect of DVD deficiency on neuroanatomy has only been studied in C57BL/6J mice. We have shown that DVD-deficient 129X1/SvJ mice have a different behavioural phenotype to that seen in C57BL/6J mice [5] . Therefore, we also assessed the impact of DVD deficiency on neuroanatomy in P0 and P70 129X1/SvJ mice.
Materials and Methods

Animals and Housing
A total of 65 neonatal (P0) and 75 adult (P70-80) offspring were used in the MRI study, and 217 adult offspring used in the drug-induced locomotion study. DVD-deficient mice were generated as previously described [5] . Briefly, 
Neuroanatomical Investigations
Tissue Collection and Preparation
Pilot studies determined that manganese chloride ( 
Neuroanatomical Measurement
Regional areas and lengths were measured using OsiriX software (Rosset;
GNU General Public License; http://www.osirix-viewer.com/). Manual tracing using the 'pencil' region of Interest (ROI) tool was used to determine the areas of specific regions on the two-dimensional images exported in DICOM format.
Estimations of nuclei volumes were made using Cavalieri's principle [15] .
Neuroanatomical boundaries were determined from a mouse brain atlas [16] .
The volumes of the following regions were measured: whole cerebrum (total brain volume), left and right lateral ventricles, third ventricle, the striatum (comprising the CPu, lateral globus pallidus and internal capsule), the hippocampus, the septum and the cortex. In neonatal mice, cortical widths at set intervals, rather than volumes were measured because the entire cortex could not be delineated due to the lower image quality of neonate scans.
Cortical width measurements were made on three consecutive sections, at the level of the decussation of the anterior commissure and the sections immediately rostral and caudal. Cortical widths were represented as a percentage of the brain width at the same section. All measurements were made blind to sex and maternal diet.
Data Analysis and Presentation
Volumes of individual structures were normalised for total brain volume and expressed as a percentage to control for individual variation in brain size. The percentage ratio for each brain region was determined using Equation 1:
Volume percentage ratio = 100 x Regional volume raw value in mm3 /Total brain volume raw value in mm3
To investigate the rostral-caudal profiles of certain structures, regional areas at each slice were used. Areas were also converted to a ratio using Equation 1 but using the cross-sectional area of the section as the denominator instead of volume.
Behavioural Pharmacology Investigations
Drug Treatments
The drugs used to assess psychomimetic-induced hyperlocomotion were MK-801 (Sigma, MO, USA) and amphetamine (Sigma, MO, USA). MK-801 was diluted to a concentration of 0.1 mg/ml in 0.9% saline. Amphetamine was diluted to a concentration of 1 mg/ml in 0.9% saline. Stock solutions of both drugs were stored at -20 C. Mice were given i.p. injections at a volume of 5 ml/kg, resulting in a dose of either 5 mg/kg amphetamine or 0.5 mg/kg MK-801. These doses were based on other studies and typically elicit a high locomotor response in mice, with little impact from stereotypic or ataxic behaviours [17] [18] [19] . As a vehicle, 0.9% saline was injected at a volume of 5 ml/kg. Mice were pseudorandomly allocated to treatment groups so that an equal number of mice from each strain, litter, diet and sex were given each treatment and so that mice from each of these groups were evenly spread across testing arenas, times and days. 
Statistical Analyses
All results were analysed using the SPSS statistics software package.
Neuroanatomical data for P0 and P70 tissue was analysed separately by in DVD-deficient mice in males, and because we have previously noted sex-specific differences in DVD-deficient rat models [7] , post hoc independent samples t-tests were used to assess main effects for males and females separately, in each strain separately. For each regional measurement (except total brain volume), percentage ratio values were used for analysis. In order to explore the inter-relationship between the various volumetric measurements, all internal brain regions (as a percentage of total brain volume) were assessed for their relatedness using linear regression.
The primary variable used to assess sensitivity to psychotomimetics was the distance moved (cm). Multivariate ANOVA was used, with Strain, Sex, Maternal Diet and Drug (amphetamine, MK-801 or saline) assessed as main factors. All data are reported as mean standard error of the mean (S.E.M.). In all tests p<0.05 (two-tailed) indicated statistical significance.
Results
DVD deficiency was associated with a reduction in hippocampal volume in C57BL/6J P0 females (t 1,15 = 2.69, P = 0.017; Table 1 and Fig. 1 ), but not males (t 1,18 = -0.60, P = 0.554; Table 1 and Fig. 1 ). Representative images for the hippocampal volume in control and DVD-deficient P0 females are shown in Fig. 2a,b . In C57BL/6J P70 mice, DVD deficiency was associated with a reduction in lateral ventricular volume in males (t 1,18 = 2.77, P = 0.013; Table 1 and Fig. 3 ), but not in females (t 1,16 = 0.21, P = 0.839; Table 1 and Fig. 3 ). The volume of the striatum was increased in this same group of DVD-deficient males (t 1,18 = -2.28, P = 0.035; Table 1 and Fig. 4 ), but not females (t 1,16 = 0.58, P = 0.569; Table 1 and Fig. 4 ). Representative images for the ventricular and striatal volumes in C57BL/6J males are shown in Fig. 2c,d . D VD deficiency was not associated with volumetric changes in other regions of the C57BL/6J mouse brain such as the cortex and septum (Table 1) and did not induce any change in brain morphology in 129X1/SvJ mice at either P0 or P70 (Table 2) .
Linear regression was performed on control and DVD-deficient C57BL/6J adult male datasets to determine which variable most significantly correlated with ventricular volume. In DVD-deficient mice, the volume of the striatum was found to be the only predictor of ventricular volume (R = -0.79, P = 0.006).
This was not the case for the control dataset, where no variable was found to correlate significantly with ventricular volume. 
Discussion
DVD deficiency was associated with altered brain morphology in C57BL/6J mice, and differences in regional volumes at both P0 and P70. The neuroanatomical changes were subtle, and not consistently found in each sex, nor at each age. For example, C57BL/6J P0 DVD-deficient females had a reduction in hippocampal volume independent of any other regional change.
The second finding from this study was that DVD deficiency in C57BL/6J P70 males was associated with a reduction in lateral ventricular volume, possibly due to an enlargement of the striatum in DVD-deficient mice.
The finding of a 32% reduction in lateral ventricular volume in DVD-deficient adult males is consistent with the findings of de Abreu et al. (2010) in DVDdeficient C57BL/6J mice. In the previous study, a 20.4% reduction in ventricular volume was observed in DVD-deficient mice compared to controls at P210. A similar reduction of 18.9% was also seen at P490, but this was not found to be statistically significant. The current study shows that the reduction in ventricles in much larger at P70 than reported at older ages. This suggests that the effect is more pronounced in early adulthood, and diminishes with age. This may, in part, be explained by the overall increase in ventricular volume with age (seen in both control and DVD-deficient mice, [10] ), which would mask the differences between control and DVD-deficient brains. Apart from models or conditions of impaired cerebrospinal fluid secretion [20] , decreases in ventricular volume in neuropsychiatric conditions or animal models are rarely reported. One exception is a model of heterozygous neuregulin 1 (NRG1) knockout in C57BL/6J mice that displayed an 18% decrease in lateral ventricular volume, without changes in whole brain volume or any other measured regions (such as the hippocampus or caudate putamen) [21] . Independent of a change in total brain volume, reduced ventricular volume would indicate that another structure has increased in size.
In DVD-deficient mice, the striatum is an enlarged adjacent structure and therefore is a likely candidate region contributing to ventricular compression.
The association by linear regression supported such a relationship. These volume reversals were numerically very similar. The increase in striatal volume in DVD-deficient mice accounted for 0.37% of the total brain volume.
The ventricular volume reduction accounted for 0.25% of the brain. Therefore, the striatal volume increase could volumetrically account for the reduction in lateral ventricles.
Striatal volume increases have been reported for several animal models and human disorders. In the early stages of structural MRI studies of schizophrenia, increased striatal volume was a replicated neuroanatomical finding in this disorder [22] [23] [24] . However, further investigation revealed that this was an artefact of chronic antipsychotic treatment, and that if anything, first-episode, yet to be treated patients had a decrease in striatal volume [25] [26] [27] . Alterations in striatal function have also been implicated in the cognitive impairments of schizophrenia [28] . However, the cognitive phenotype of DVDdeficient mice is largely unknown. One study has investigated associative learning in DVD-deficient mice in an olfactory tubing maze, and found subtle impairments in performance on the last day of testing, possibly reflecting a reduced maximum performance in these mice (ref Abreu DVD [10] . Secondly, one of the more rudimentary assays of spatial memory, habituation, was investigated previously, and no effect of maternal diet was observed [5] . An effort to comprehensively examine aspects of cognition in DVD-deficient mice is currently underway and future investigations need to focus on the neurodevelopmental underpinnings of the change in striatal volume. For example, it is unknown if the contributing factors towards the volumetric increase related to cell number, cell size or cell architecture (e.g. dendritic complexity etc). Furthermore, the postnatal emergence of the enlarged striatum may hint that the volumetric changes are due to striatal components that develop postnatally. For instance, the patch compartments of the striatum develop earlier than the matrix compartment, most likely due to differential dopaminergic input from the substantia nigra [29] . Indeed, evidence from DVD-deficient rats suggests that midbrain dopamine development is altered in DVD-deficient animals [30] . Thus the altered striatal volume may be a consequence of altered nigrostriatal innervation. . However, given that the current study demonstrates that P70 C57BL/6J DVD-deficient mice do not exhibit altered locomotor responses to amphetamine, if there is an alteration in the dopaminergic system in the brains of DVD-deficient mice, it is not likely to be 'severe', or large enough in magnitude to prompt behavioural changes.
Although the size of the striatum as a percentage of brain volume was increased, it is unknown if the shape of the striatum in DVD-deficient mice was altered. Volumetric changes in specific dorsal, ventral, lateral or medial portions of the striatum (which have different inputs and outputs) may generate clues regarding the developmental mechanisms behind the striatal change and the possible functional implications of such effects. Therefore, further morphological examinations using 3D imaging would be required to explore these findings in greater detail. The ventricular and striatal changes seen in adult DVD-deficient C57BL/6J males did not occur in the same group at P0. This may be because the volumetric changes occurred during the early phases of postnatal brain development or during the significant morphological changes that occur during adolescence. (Fig. 2) .
DVD deficiency in C57BL/6J females also reduced the size of the hippocampus, relative to controls in P0 mice that were still vitamin D-deficient. neuroanatomical changes compared to rats that were only vitamin D-deficient until birth [11] . Given that the other neuroanatomical changes were found in males only, it is curious that this effect of DVD deficiency on hippocampal size only occurs in female mice. Sex differences have been identified in several other investigations of the behaviour of DVD-deficient animals [7, 8] .
Furthermore, we did not find any evidence of neuroanatomical changes in 129X1/SvJ mice, contrary to behavioural studies that found 129X1/SvJ mice to have a more pronounced phenotype [5] . One somewhat 'protective' factor may be the relatively small size of the lateral ventricles in 129X1/SvJ mice, which were found to be roughly 40% smaller compared to C57BL/6J mice, a strain difference that has been reported previously [31] . Such a low baseline ventricular volume may prevent any further compression of the ventricles by other structures such as the striatum.
In the second part of this study, we demonstrated that DVD-deficient mice did not exhibit altered sensitivity to the locomotor-enhancing effects of the psychotomimetics MK-801 or d-amphetamine. This is in contrast to findings from the DVD-deficient rat [6] [7] [8] 32] . However, a dysregulation of the dopamine or glutamate systems cannot be entirely ruled out in DVD-deficient mice because we only looked at one behavioural correlate (locomotion).
Species differences in the response to DVD deficiency have been previously reported in regards to the novel effects on exploratory behaviour [5] , which
were not seen in DVD-deficient rats [9] . Furthermore, the confirmation of a reduction in ventricular volume in DVD-deficient C57BL/6J mice can also be contrasted with findings of increased ventricular volume in DVD-deficient rats [11, 12] . Such differences highlight the importance of species selection in studies of altered vitamin D signalling and brain development. In all treatment groups, C57BL/6J mice were found to travel further than 129X1/SvJ mice, so much so that baseline locomotion in C57BL/6J mice was comparable to MK-801-induced locomotion in 129X1/SvJ mice. This replicates a wide range of studies that report that C57BL/6J mice are typically more hyperactive than other strains, with regard to both baseline- [33, 34] and drug-induced [35] [36] [37] [38] locomotion.
There were several limitations to the current study. First, the large number of groups used for the neuroanatomy study may have increased the risk of a type I error. Therefore, replication of these results should be a priority.
Second, only single, high doses of amphetamine and MK-801 were tested, and it is possible that effects of DVD deficiency may be seen at lower doses.
Although there were no effects of maternal diet on baseline activity in this study, future behavioural pharmacological investigations in DVD-deficient mice may benefit from a design in which all mice are pre-treated with saline in order to investigate drug-induced activity adjusted for baseline levels of locomotion. Moreover, strain differences in the behavioural pharmacology study may have been potentiated by the use of slightly different testing conditions in C57BL/6J and 129X1/SvJ mice, which were tested in different colour boxes, potentially altering their stress response.
Conclusions
The major finding from this study was that DVD-deficient C57BL/6J adult males had reduced lateral ventricular volume, possibly due to an enlarged striatum in these mice compared to controls. This study replicates a previous finding of ventricular compression in male DVD-deficient mice [10] . We suggest the striatum may be a candidate region to focus on for future neurodevelopmental alterations in this model. The second finding from this study was that DVD deficiency was associated with reduced hippocampal vitamin D had affected the developing hippocampus, but such effects were possibly corrected in postnatal development. We did not confirm that DVDdeficient mice had an altered response to psychotomimetics, another phenotype contrasting with that shown in the DVD-deficient rat, indicating that there are important species differences in vitamin D's role in brain development. Combined with the previous studies suggesting unique behavioural phenotypes in DVD-deficient mice [5, 10] , the data from this study indicate that the DVD-deficient mouse is a novel and informative model that can be used as a platform to investigate the role of vitamin D in mammalian brain development.
